This paper describes a new technique for inventory of permanent plots in tropical forests and presents the results of its application in a 1 ha permanent plot in a lowland dipterocarp forest at Kuala Belalong, Ulu Temburong National Park, Brunei Darussalam. The technique is based on mapping of positions of tree individuals in threedimensional space with a high accuracy. Measuring set consists of a distance measuring device (laser rangefinder) and a electronic compass supplying data to a field computer with specialized software (FieldMap®). This method is faster and more exact than methods based on Cartesian grids established in the field. As an example, inventories from 2000 and 2007 of the plot mentioned are compared concerning presence, taxonomical identity and diameter at breast height (dbh) of all tree individuals with dbh ≥ 5 cm. The structural and diversity properties of the forest show similar patterns to the other two permanent plots in Kuala Belalong. In 2007, 1 318 trees were found, out of which 116 were new individuals (i.e. exceeded the 5 cm dbh limit since 2000), 13 were dead individuals. 120 trees died since 2000 (9.2 % of the trees recorded in 2000). Total basal area was 39.18 m 2 (0.2 m 2 were dead individuals). Growth dynamics has distinct spatial patterns: about half of the plot shows fast dbh increment in 2000 -2007 and appearance of numerous new trees; the other half displays stagnation. This is probably due to topographic conditions and partly to the gap dynamics (several dominant trees have fallen there since 2000). Concerning the taxonomic composition, 47 families were recorded, the dominant ones in terms of basal area being Dipterocar paceae, Myrtaceae, Euphorbiaceae, Lauraceae, Sapotaceae and Burseraceae (sorted in decreasing order). The Dipterocarp family accounts for about 40 % of the total dbh. The most frequent ones were trees of Euphorbiaceae, Dipterocarpaceae, Myrtaceae, Burseraceae and Anacardiaceae. However, this census concerns mainly trees with dbh ≥ 10 cm, while the rest (dbh 5 -10 cm) remained partly undetermined until 2007.
InTRoduCTIon
Southeast Asian lowland dipterocarp forests (LDF), whose tree species richness exceeds 200 species per ha (Newbery et al. 1992 , Poulsen et al. 1996 , Leigh et al. 2004 , Small et al. 2004 , Condit et al. 2005 , belong to the most diverse ecosystems of the world (Whitmore 1975 , Ashton 2005 . In Borneo, logging and forest conversion represent severe threats to the tropical rainforests (Curran et al. 2004 , Sodhi et al. 2004 ) and lead to loss of biodiversity even within protected areas (Curran et al. 2004) . Relative deforestation rate in Southeast Asia is even the highest among major tropical regions (Achard et al. 2002 , Sodhi et al. 2004 ; therefore, it is necessary to learn as much as possible about species composition, structure and dynamics of these valuable forests before they have vanished for the greater part.
The floristic diversity of LDF has been gradually revealed and systematized thanks to the effort of tropical botanists (e.g. Whitmore 1972 , Ashton 1988 . Permanent plots are a standard tool to study structure and dynamics of the main constituting element of the LDF, the trees (Condit 1995 , Sheil 1995 . They can be re-visited and re-measured in various periods, providing data not only on floristic and structural composition, but also on forest dynamics. Standard size of many permanent plots is one hectare, which enables a direct comparison in various parameters. Phytogeographical relationships can be established using tree inventories data (e.g., Slik et al. 2003) .
To assess the diversity in composition of the LDF, basic information about taxonomic identity of the trees is needed. As it is not always feasible to determine every measured tree repeatedly in each inventory, individuals are determined usually only once and labelled. The field team's task in subsequent inventories is to find all trees listed in datasheets and measure their dia meters (and other parameters). New trees which have grown large enough since the last inventory have to be included. A rapid identification of the position of any tree in plot speeds up the inventory process greatly. A common tool was, and before introduction of electronic measuring devices still is, a Cartesian grid which determines the relative coordinates (x, y) of tree individuals within a plot. Such a grid may be difficult to apply especially when site topography is rugged. The major concern of forest inventory is therefore to use a exact and quick method of coordinates' measurement.
Amongst other modern forest inventory methods (Holopainen & Kalliovirta 2006) , total stations combining electronic theodolite, electronic distance measuring device and computer with specialized software have recently been implemented. It enables spatially exact determination of the position of e.g. tree stems, horizontal and vertical crown projection, in three-dimensional space (x, y, z-coordinates). However, this advanced approach has been quite seldom applied so far (e.g. Vrška et al. 2002 Vrška et al. , 2006 . Tree data sampling using a laser distance measuring device and/or electronic compass are still rare even in temperate forest ecology (Kalliovirta et al. 2005 , Fajardo et al. 2007 , while there are virtually no such studies from the tropical forest ecosystems.
Aim of this paper is to introduce the application of the above mentioned measuring technology in a tropical forest inventory. We will show a construction of exact spatial distribution model of trees in a plot, correcting the former specifications from the 'analogue' grid system. Herewith we will report on the vegetation patterns in the surveyed plot.
MATERIAL And METHodS

Study site
The study site is located at the Kuala Belalong Field Studies Centre (KBFSC), a research field station of the Universiti Brunei Darussalam (http://www.ubd.edu.bn/academic/faculty/fos/ research/kbfsc/index.htm). It is situated in the Ulu Temburong National Park of Brunei Darussalam; geographic coordinates are 4°33' N and 115°10' E, elevations in the KBFSC surroundings range from 60 (the station) to 913 (Bukit Belalong) m asl. The climate is equatorial with average temperatures around 30 °C. There is no dry season (Dykes 2000) and precipitation reaches 4 000 mm. Relative air humidity exceeds 95 % under the forest cover. The topography is very rugged, narrow ridges and steep slopes are the prevailing landform. Typical features are the erosion gullies dissecting the slopes. The site represents pristine lowland mixed dipterocarp forest, only slightly touched by human activities (Cranbrook & Edwards 1994) . Logging or tree felling are absent, however, occasional bark stripping in Aquilaria sp. for illegal resin collection can be observed especially along forest trails.
We carried out a 2007-inventory of Plot 1, one of four permanent 1-ha plots established at the KBFSC. Plot 1 is situated on the ridge of the Bukit Belalong, east from the Belalong River. It is bordered at two sides (zero x and zero y coordinates) by ridges with forest trails. Towards the opposite sides, the relief decreases following a small water stream gully. The southwest corner of the plot is the most elevated point (about 305 m asl); the elevation range is 27 m (based on our tree position measurements, z-coordinate).
We surveyed all trees in the Plot 1. The taxonomic determination mainly relied on the data from the previous censuses in 1991, 1995 and 2000; the first and second ones included only trees with dbh ≥ 10 cm, whereas the ≥ 5 cm category was included in 2000. No comprehensive study from Plot 1 (and in parallel run Plot 2) was published to the present; only summary information on the composition and structure in the both plots was published in Cranbrook & Edwards (1994) . Inventories from two other 1-ha plots, situated on the slopes west from the Belalong River, were however published by Poulsen et al. (1996) and Small et al. (2004) . Osunkoya et al. (2007) related wood properties with demography (mortality) of 27 tree species from the latter plot.
Inventory methodology
Within Plot 1, positions of all trees ≥ 5 cm dbh were mapped (pro cedure see below), and the diameter of each tree was measured at breast height, i.e. 1.3 m above ground (or just above buttresses if present). The point of diameter measurement was marked on the stem with a red paint line. Dbh was measured using a girthing tape giving directly dbh values, which were immediately stored in the field Hammerhead computer running a specialized software, FieldMap® v3.151 (the Institute of Forest Ecosystem Research, Ltd. (IFER), Jílové u Prahy, Czech Republic; www. fieldmap.cz), together with other tree's characteristics -ID number, note on current status (e.g., dead) and coordinates. The coordinates were recorded using a set of interconnected devices: laser rangefinder Impulse 200 Standard, electronic compass MapStar Module II (both Laser Technology Inc., Colorado, USA), and field Hammerhead computer (WalkAbout Computers, West Palm Beach, Florida, USA). The measuring set was assembled on a portable monopod frame.
The person operating the measuring device was accompanied by at least 1 (preferably 2) persons holding and moving 2-m range pole(s) with a mounted reflector. Starting the measurements, the initial position of the measuring equipment within the plot was chosen in such a way that the post marking the plot corner was visible. To adapt the electronic compass to the local magnetic environments, it was fieldcalibrated following the manufacturer's instructions. The distance and the azimuth from the initial position to a pole-mounted reflector at the corner post were then measured by the laser rangefinder and the compass respectively, thus allowing positioning of the measuring equipment in subsequent plot remeasurements. In the mapping software, the x, y and z coordinates of the initial position of the equipment were 0, 0, 0; thus the positions of trees and all other points within the plot were measured in relative coordinates.
Main task of the inventory, determining tree positions, was accomplished in the following days; the laser rangefinder was used for measuring the distance from the position of the measuring set to a reflector on a pole which was put to the surface of a tree stem, while the electronic compass measured horizontal angles (i.e. azimuth) simultaneously. Running the Field-Map software, position of each tree (i.e. x, y, and thanks to the built-in tilt sensor of the laser rangefinder also z-coordinate) was automatically recorded to the computer and immediately displayed on the screen as a two-dimensional map. Tree numbers stored in the Field-Map software followed the tags nailed to trees in previous inventories. New trees, reaching the ≥ 5 cm dbh by 2007, were labelled with a new aluminium tag.
After all trees visible from the initial position were measured, the measuring set was repositioned within the plot using two reference points. Reference points were usually represented by trees near the limit of visibility. The distance and the azimuth to two reference points were measured from the original position; subsequently the measuring equipment was moved to a new position from which the distance and the azimuth to the same two reference points were measured. Thus the system of reference points established in the field allowed to move freely and quickly reposition the measuring set within the plot, while keeping spatial reference. To convert local (relative) coordinates of the plot to global coordinates, those reference points which can be permanently fixed in the field (e.g. corner posts), shall be measured not only by laser and compass but also by GPS.
Taxonomic determination relied mostly on the initial inventories in the 1990s, which were to species level in the most cases. Therefore, most large and intermediate-sized trees are taxonomically wellidentified. Trees with a diameter less than 10 cm, included in the inventory in 2000, are determined only from a part. We corrected or supplemented taxonomic identity (usually only family) of about 70 individuals directly in the field. Herbarium specimens of other 242 undetermined trees were collected in February 2009. Determination was completed by the Brunei Forestry Centre National Herbarium in June 2009 (data not included in this paper).
The timespan for the field inventory was ten days in January-February 2007. It included also positioning, i.e. i) moving the standpoint of the measuring set and determining its position again; and ii) searching for trees indicated in the datasheets.
The latter took about half of the total measurement time, pointing out the need for exact and readily available data on each tree position.
Data treatment and analyses
Sorting the datasheet was a time-consuming task. Coordinates and dbh were continuously downloaded from Field-Map to a Microsoft Excel table. It was necessary to match the trees from the previous and the current inventory, because many trees lost their tags since 2000 and new tags (numbers) were attached in 2007. Sometimes the tree positions measured using the field grid (1991, 1995 and 2000) did not match the coordinates measured using the electronic device (2007) . Identifying especially the thin trees was inevitably an arbitrary decision in several cases. From the datasheet, it was derived which trees died, either found (their positions not always measured) or not found again; and which trees were newly included in the inventory, reaching dbh ≥ 5 cm. For construction of three dimensional models of the plot we used x-y-z-coordinates data from the concluding datasheet. The figure was created using spline interpolation in ArcView 3D Analyst and ArcScene v8.3 (ESRI®).
Statistical analyses provided in this paper are very basic. We computed the following parameters (cf. Small et al. 2004 where BA t is the basal area of all trees determined at least to the family level.
Except for the BA i , information on taxonomy is needed. In Plot 1, nearly half of the individuals remain undetermined (636 out of 1 318). The majority of them are the smallest trees with dbh < 10 cm. The respective analyses (table and graphs) are therefore valid for 682 trees with identification to at least family level, a subset approximately equal to trees with dbh ≥ 10 cm.
RESuLTS
Structure and composition
In 2007, we measured 1 318 trees with dbh ≥ 5 cm, out of which 116 were new individuals (i.e. exceeded the 5 cm dbh limit since 2000) and 13 were dead individuals. Altogether 120 trees died since 2000, i.e. 9.2 % of the trees recorded in 2000. Basal area of all trees measured in 2007 was 39.2 m 2 , from which 0.2 m 2 was constituted by dead individuals (Table 1) . Average dbh in 2007 was 13.9 cm, the highest measured 152.8 cm; distribution of dbh is shown in Fig. 1 (this output is also provided directly by the Field-Map software).
Three-dimensional model of the plot based on the tree coordinates is shown in Fig. 2 
Dynamics
Total basal area decreased by 2.0 m 2 since the 2000 inventory which recorded the total basal area as 41.2 m 2 , which is due to the fall of the large trees mentioned above. The tree growth dynamics is demonstrated in Fig. 4 , showing the relationship between the actual dbh and its increment since 2000. The largest size gains recorded intermediate-sized individuals with dbh of 20-70 cm. Nevertheless, some small individuals with dbh of 10 cm can also grow rapidly (dbh increments by 5-6 cm). On the other hand, large-sized trees slowed down their growth. This figure, however, does not show the spatial pattern which is, according to our field experience, mainly influenced by canopy gaps dynamics. A basic picture of these processes provides Fig. 5 ; the fastest dbh increments are located in the lower elevations of the plot (higher values of the xy coordinates); they are closely linked with the emergence of the new trees (exceeding dbh of 5 cm since 2000). On the other hand, the lowest girth increase occur mainly in the opposite, higherelevated part of the plot (lower values of the xy coordinates). These trees are accompanied by trees which recorded a negative dbh increment, which probably reflects stagnation in trees' growth. Apparently, forest dynamics displays spatial patterns exceeding the 'window' captured by the 1-ha plot.
dISCuSSIon
Inventory method
The classical inventory method is based on mapping the trees' positions using a regular (Cartesian) grid. Corners of usually 10 m subplots are temporarily marked to make the inventory easier (e.g., Newbery et al. 1992 , Small et al. 2004 , Osunkoya et al. 2007 . Measuring with tape and compass can produce numerous mistakes and inexact coordinates determination. The main advantage of the method used by us is exact and consistent determination of the trees' position in a three-dimensional space (z-coordinate for relative elevation).
Contrary to expectations, the dense forest was not a major obstacle for tree position measurement. Even in a rather dense growth, the laser rangefinder worked at distances up to 20 to 30 m. Climatic conditions should not represent an obstacle to measurements, as all devices are water-proof. The only problem we experienced was with the Hammerhead computer, as we used an old one, which was not water-proof and needed to be dried up after rain. Once having a plot measured, the repetition is easier and quicker than with standard methodology. Trees are much easier to be found again, because the field computer shows the distribution on the screen. The selected tree can be highlighted in the digital map; distance and direction to the next surveyed individual can be quickly determined. In our inventory, we spent about half of the inventory time searching for trees located, often erroneously, compared to previous inventories. It was quite difficult to use the datasheet and field marking for orientation. When a realistic, computer produced map and exact coordinates are used in the inventory, the time can be reduced to 2/3 or even a half, i.e. 5-7 working days in our case. Outside the rainy season the average measurement time is 5 hours a day, so a precise and reliably repeated inventory of a 1-ha plot of the lowland dipterocarp forest can be completed in 4 -6 days.
Two persons are needed to measure the tree position -one to operate the computer, laser and compass devices, another to hold and move the pole with the reflector. If the conditions allow, one more poleoperator can make the process go quicker. One person is needed to measure the dbh, although this can be easily done by the reflector pole operator as well. One per-son should sample the herbarium specimens from the newly included trees (grown over 5 cm dbh since the last inventory). This can be done also independently from the measurements.
In total, a group of two to five people are the recommended working group for this survey.
Structural patterns
We compared the observed structural and taxonomic patterns to inventories carried out by Poulsen et al. (1996) and Small et al. (2004) . The former concerns a 1-ha plot established and surveyed in 1991 by the Aarhus University ('AAU1' plot); trees with dbh ≥ 10 cm were included. The latter is a plot established in 1995 by the Earthwatch Institute and the Universiti Brunei Darussalam Kuala Belalong Field Studies Centre ('the Earthwatch plot') and surveyed for all trees with dbh ≥ 5 cm in 1995 and 2004 (Osunkoya et al. 2007 ). Both 1-ha plots are situated west of the Belalong River, the former on the foothill in elevations of 55-80 m asl (0.75 km from Plot 1), the latter on the slope above it in about 250 m asl (about 1.25 km from Plot 1). Both number and basal area of live trees in Plot 1 were higher than in the Earthwatch plot (Small et al. 2004 ), while the opposite was true for dead stems (see Table 2 ). The same table shows that the highest recorded dbh was higher in the lower positioned Earthwatch plot; however the average dbh was almost the same for both plots.
Taxonomic richness is very similar to the Earthwatch plot, however, only the dominant families correspond between the two plots. Families encountered only once or twice are from a greater part different, indicating the relatively high beta-diversity of the local forests. Altitude plays the main role, which was shown by Poulsen & Pendry (1995) for the ground herbs at the Bukit Belalong. The same seems to be true for trees also in relatively short altitudinal gradients. However, direct comparison of taxonomic composition is constrained due to the fact that nearly half of the tree individuals in Plot 1 remained undetermined to family level in 2007. They were almost all small in size, mainly with dbh under 10 cm. This is reflected in the basal areas of the determined (35.7 m 2 ) and undetermined (3.5 m 2 ) individuals.
Hence, species diversity can be estimated quite precisely for the grown trees with dbh ≥ 10 cm; regeneration dynamics of the forest cannot be analysed regarding the taxonomic information, which however remains true for the most inventories -only scarcely the saplings (dbh ≥ 1 cm) have been included (e.g., Condit 1995) .
Based on tree individuals with dbh ≥ 10 cm, a brief comparison of the forest composition and structure in Plots 1, 2 and AAU1 was provided by Cranbrook & Edwards (1994: 103 -104) . All the mentioned plots in Kuala Belalong document the forest dominated with the Dipterocarpaceae (basal area) and Euphor biaceae (number of individuals). The three plots comprised from 550 (AAU1, see Poulsen et al. 1996) to 656 individuals and slightly more than 40 families (43 for AAU1). In 2007, we found 601 trees with dbh ≥ 10 cm in Plot 1, out of which 6 were dead stems. In AAU1, this number was 550 trees (Poulsen et al. 1996) ; however, only 422 live individuals fell in the same dbhsubset from the Earthwatch plot (Small et al. 2004 ). This basically conforms the results from other inventories in South East Asian lowland rainforests, e.g. East Kalimantan (Yamakura et al. 1986 ) with 550 individuals and a basal area of 32.8 m 2 . Variance can be documented by Sumatran forest with 755 individuals and a basal area of 44.4 m 2 per hectar (Trichon et al. 1998 ) and a dipterocarp forest in Danum Valley, N Borneo, with 470 individuals and a basal area of 26.6 m 2 (Newbery et al. 1992) .
ConCLuSIonS
Application of an electronic device set (a total station) for the 2007-inventory of Plot 1 lead to the precision of the data, leaving a readily available dataset for the next inventory. Similar structural and taxonomic patterns in trees as in other plots in Kuala Belalong, the Aarhus plot (AAU1) and the Earthwatch plot, were shown. A pattern of the forest dynamics in Plot 1 was outlined. It is possibly dependent on site topography and intrinsic demographic processes, while a proper study in terms of the analysis of subsequent inventories would be needed to elucidate this. Three directions of the future research in Kuala Belalong based on the current inventories can be suggested: i) study of the taxonomic patterns between the plots, i.e. the beta-diversity and the determining site factors (altitude, position on the slope); ii) study of the long-term forest dynamics based on analysis of demographic data from the subsequent inventories (1991, 1995, 2000, 2007, etc.) ; iii) study of the fine spatial patterns in forest dynamics, linked with topographic and demographic variables. 
